Objective: Studies suggest that prenatal exposure to traffic-related air pollution (TRAP) may contribute to childhood obesity. While exact mechanisms for this association are unknown, circulating adipokines are hypothesized to contribute to earlylife weight gain.
Introduction
In the United States, approximately 23% of children are overweight or obese (1) . Despite substantial policy efforts, there is no evidence of a decline in childhood obesity prevalence in any age group (2) . Beyond poor diet and lack of physical activity, studies suggest that early life exposures to environmental pollutants may also contribute to childhood obesity (3) (4) (5) (6) . Exposures to traffic-related air pollution (TRAP) and ambient nitrogen dioxide (NO 2 ) and particulate matter have been shown to independently contribute to childhood obesity (5-7). The prenatal period represents a critical developmental window (8) where maternal exposure to air pollutants may influence infant and childhood growth trajectories. Recent studies have shown that increased prenatal air pollution exposure is associated with childhood obesity (9, 10) . Further, cord blood adipokines have been shown to be positively associated with infant birthweight and adiposity (11) (12) (13) . Therefore, prenatal exposures to environmental toxins may contribute to excess adiposity and childhood obesity through alterations in fetal exposure to cord blood adipokines.
One previous study has examined associations between cord blood adipokines with ambient air pollution exposure (14) . In the Maternal-Infant Research on Environmental Chemicals Study, increased maternal exposure to residential NO 2 and particulate matter with an aerodynamic diameter ≤ 2.5 μm (PM 2.5 ) were associated with increased cord blood leptin and adiponectin levels (14) . Leptin and adiponectin are hormones secreted by adipocytes and have been shown to correlate with fetal adiposity and childhood weight gain (11, 12) . The primary aim of this study was to determine whether prenatal exposures to TRAP, NO 2 and/or PM 2.5 were associated with leptin, high molecular weight (HMW) adiponectin and the ratio of leptin to HMW adiponectin in cord blood in 136 mother-infant pairs. As a secondary aim, this study investigated whether cord blood adipokines were associated with changes in infant weight from birth to 6 months, which may be predictive of future obesity. We hypothesized that increased prenatal exposure to TRAP and ambient air pollution are associated with higher levels of cord blood leptin and HMW adiponectin. We further hypothesized that these higher levels of adipokines in cord blood are associated with a greater increase in infant weight at 6 months of age.
Research design and methods

Study population
The current study included 136 mother-infant pairs with available cord blood samples from the ongoing University of Southern California Maternal and Child Health Study (MACHS). Women were recruited on the labour and delivery ward at the Los Angeles County + University of Southern California Medical Center between 2012 and 2016. A subset of infants was followed by phone interview and medical record abstraction until 6 months after birth (n = 46). Written informed consent was obtained from each pregnant woman prior to any testing. Exclusion criteria included <18 years of age, HIV positive status, physical, mental or cognitive disabilities that prevented participation, current incarceration or multiple pregnancies. Medical record information pertaining to pregnancy complications and delivery was obtained and infant medical records were requested from paediatricians for information related to growth.
Traffic-related and ambient air pollution exposure assessment
Traffic-related air pollution and ambient air pollution exposures were estimated based on participant's residential address reported at study entry. Streetlevel residential addresses of participants were standardized and geocoded at the parcel level, and match codes were obtained using the Texas A&M Geocoder (http://geoservices.tamu.edu/Services/Geocode/). Addresses that did not match to a parcel centroid were corrected based on the best available knowledge of the participant's residence location.
Distance from residences to the nearest roads was considered a surrogate for TRAP. Residential distance to the nearest freeways or highways was classified as <500, ≥500 to <1000, ≥1000 to ≤1500 and >1500 m. Residential distance to major roads was classified as <75, ≥75 to <150, ≥150 to ≤300 and >300 m. Freeways or highways and major roadways represent different traffic-related exposures, and these distance categories have been shown to capture important effects of TRAP on childhood health outcomes (15, 16) . Exposure to local TRAP for the 9 months prior to delivery was estimated using modelled nitrogen oxides (NOx) at homes by applying the CALINE4 ('California Line Source') model (17) . The CALINE4 dispersion model is an air quality model designed to estimate the incremental ambient concentration contributed by vehicle emissions on local roadways. It uses meteorological data, roadway geometry, traffic volumes and vehicle emission factors as inputs and has been shown to be the best single predictor of local-scale spatial variation in NO 2 in Southern California (18) .
Ambient air pollution concentrations for the 9 months prior to delivery were used to assess prenatal exposures. Hourly and daily air quality data (NO 2 , ozone, PM 2.5 and PM 10 ) from ambient monitoring stations were downloaded from the U.S. Environmental Protection Agency's Air Quality System (http://www.epa.gov/ttn/airs/airsaqs) for the relevant time period, and the hourly data were averaged to daily level. In urban Southern California, air monitor stations are spaced 20-30 km apart and provide a monitoring network with good characterization of the pollution gradients. The gases were measured using Federal Reference Method (FRM) continuous monitors while PM data were restricted to FRM or Federal Equivalent Method (FEM) monitors. Non-FEM PM 2.5 data were used only when FRM or FEM measurement data were not available. Daily exposure values were spatially interpolated from the four closest air quality monitoring station's locations to the residence locations using an inverse distancesquared weighting algorithm as previously described (19) . Monthly average exposures were calculated from the daily data using a 75% completeness criterion.
Adipokines
Cord blood was collected and stored at room temperature for up to 24 h until processing where serum was stored at À80°C until analysis. Plasma levels of leptin and HMW adiponectin were assayed in duplicate using ELISA (R&D Systems), and the average coefficient of variation for each assay was less than 10%. The ratio of leptin to HMW adiponectin (L/A) has been used as a marker of insulin resistance among children and adults (20) ; however, no studies have examined Air pollution and cord blood adipokines | 349 the use of this ratio in cord blood. Adiponectin is a circulating protein produced by adipocytes that is present in high and low molecular weight oligomers. HMW adiponectin binds to its receptors with high affinity and is one of the key molecules mediating various metabolic actions (21) .
Maternal and infant assessments
Maternal information was assessed via intervieweradministered questionnaire and included maternal age, gestational age at delivery, race, parity, stress level during pregnancy, annual family income, maternal education and maternal pre-pregnancy body mass index (BMI). Maternal stress was evaluated using questions from the Perceived Stress Scale (22) . Infant birthweight was extracted from hospital medical records for all 136 infants. In the sub-study, weight at 6 months of age was obtained from medical records for 46 infants. Infant sex-specific weight-forage z-score was calculated based on the Centers for Disease Control and Prevention 2000 growth chart at birth and 6 months.
Statistical analysis
Categorical variables were presented as frequencies and continuous variables were examined using mean and standard deviation (SD). Differences in maternal and infant characteristics by infant sex were examined using independent t-tests. Multivariate linear regression models were used to explore the relationships between adipokines in cord blood with TRAP, ambient air pollution exposure and infant weight change from birth to 6 months of age. Potential confounders were identified from the literature and retained in the final models if a ≥10% change in the coefficient estimate was observed. Models examining the associations between air pollutant exposures with cord blood adipokines were adjusted for maternal age, gestational age, parity, race or ethnicity, annual family income and maternal pre-pregnancy BMI. Models examining associations between cord blood markers with infant weight change included the same covariates with the addition of infant sex, birthweight (as indicated) and removal of family income. Preterm birth and maternal smoking status were examined but were not identified as confounders. Infant outcomes were stratified by infant sex due to known differences in growth rates and effect modification by infant sex, and maternal pre-pregnancy BMI was examined using interaction terms and evaluated for significance. The natural log transformation was used to normalize the distribution of leptin and HMW adiponectin when evaluating their associations with exposures. Results are presented as percent change per a 1-SD increase in prenatal TRAP and/or ambient air pollution exposure. A two-sided P value < 0.05 was considered statistically significant. All statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC).
Results
Baseline characteristics of the 136 mother-infant pairs and the average distribution of air pollutants and adipokines are shown in Table 1 for the entire cohort and by infant sex. Mothers were predominantly Hispanic (90%), and more than 33% were below the Los Angeles County poverty line based on a reported annual income of <$15,000 per year (23) . Infants were approximately half female, and mothers of female infants were approximately 3 years older (P = 0.002) and less likely to be nulliparous (P = 0.01). Male infants were heavier at 6 months of age and also had a greater increase in weight from birth to 6 months (both P = 0.01). Those with 6-month follow-up data (n = 46) were approximately 1 week younger in gestational age and had a slightly lower birthweight compared with the full cohort (Table S1) . Among infants with 6-month weight, mothers of male infants were 5.4 years younger than mothers of female infants (P = 0.002) (Table S2) .
Associations between TRAP and ambient air pollution exposures with Adipokines
Traffic-related air pollution exposures during pregnancy were positively associated with adipokines in cord blood (Table 2) . A 1-SD (2 ppb) increase in non-freeway NOx was associated with a 33% higher leptin level (P = 0.01), 9% higher HMW adiponectin level (P = 0.07) and 23% higher L/A ratio (P = 0.05). Cord blood leptin levels were higher in mothers who lived near major roadways. Compared with mothers who lived >300 m from major roadways, cord leptin levels were 71%, 47% and 29% higher in those who lived <75, 75-150 and 150-300 m from major roadways, respectively (P trend = 0.05). These findings were consistent with the CALINE4 modelled non-freeway NOx, which was significantly and positively associated with cord leptin levels. Ambient air pollutants were not significantly associated with adipokines. For example, a 1-SD increase in ambient O 3 (26 ppb) was associated with a 15% higher HMW adiponectin level (P = 0.07), but this finding did not reach statistical significance (Table S3) . Lastly, associations between ambient and TRAP exposures with Maternal and infant characteristics as well as prenatal exposures are shown as mean with SD unless otherwise noted. P values for adipokines, TRAP and ambient air pollutants were derived from t-tests using log-transformed variables. Prenatal exposures to ambient and TRAP in the 9 months prior to delivery are shown as mean with standard deviation. Bold font indicates results that were statistically significant based on a two-sided P<0.05. BMI, body mass index; HMW, high molecular weight; SD, standard deviation; TRAP, traffic-related air pollution.
cord blood adipokines were not modified by maternal pre-pregnancy BMI (data not shown).
Associations between adipokines with infant weight
Cord blood adipokines were associated with increased weight and weight-for-age z-score change from birth to 6 months ( Table 3) . As an example, a 1-SD increase in leptin (10 ng mL
À1
) and a 1-SD increase in the L/A ratio (0.5) were associated with a 0.21 kg (P = 0.08) and 0.18 kg (P = 0.09) increase in infant weight from 1 to 6 months. These associations were supported by the observation that a 1-SD increase in leptin and the L/A ratio was associated with a 0.25 (P = 0.07) and 0.22 (P = 0.07) change in weight-for-age z-score, respectively. Higher cord blood leptin levels were associated with an increase in infant weight from birth to 6 months, which differed by sex (interaction P = 0.03). For example, from birth to 6 months, a 1-SD (10 ng mL À1 ) increase in cord blood leptin was associated with a 0.62 kg increase in weight in female infants (P = 0.02) and a 0.11 kg increase in weight (P = 0.48) in male infants. The interaction between sex and HMW adiponectin was non-significant (P = 0.20), yet stratification revealed that a 1-SD (8 ug mL
) increase in cord blood HMW adiponectin was significantly associated with a 0.53 kg increase in weight in female infants (P = 0.02) and a 0.07 kg decrease in weight in male infants (P = 0.68) from birth to 6 months. As shown in Table 3 , sex-specific results observed in infant-weight change were consistent with change in infant weight-for-age z-score from birth to 6 months, and larger effect sizes were observed without adjustment for birthweight (Table 3) . Associations were similar when excluding preterm infants and after adjusting for birthweight-for-gestational age z-score (Table S4-5) . Leptin and HMW adiponectin levels in cord blood were not associated with infant birthweight (Table S6 ) and were not modified by infant sex (interactions ≥0.10).
Discussion
Our results demonstrate that TRAP exposures during pregnancy were associated with higher cord blood levels of leptin, HMW adiponectin and the L/A ratio. These findings suggest that prenatal TRAP exposure may have the potential to alter cord blood adipokine levels. Consistent with previous work (11, 12) , the current study found evidence that cord blood adipokine levels were associated with increased growth from birth to 6 months of age. However, these associations were only observed among female infants, suggesting that cord blood levels of leptin, HMW adiponectin and the L/A ratio may have sex-specific effects on changes in body weight. Findings from this study add to the growing body of literature suggesting that an increased prenatal exposure to TRAP may alter cord blood levels of adipokines, which have implications for future obesity risk.
One previous study has investigated associations between air pollution exposure during pregnancy with cord blood levels of leptin and adiponectin. This study utilized land-use regression to estimate prenatal, residential NO 2 exposures, and kernel density functions were incorporated to capture the fine-scale variation due to vehicle emissions. The authors found that 13.6 ppb increase in NO 2 exposure, a marker of primary traffic emissions, was associated with a 12% and 13% higher cord blood leptin and adiponectin levels, respectively (14) . Consistent with these findings, we found that a 2 ppb increase in non-freeway NOx exposure was associated with a 33% higher leptin and a 9% higher HMW adiponectin in cord blood. Lastly, cord blood leptin and HMW adiponectin were positively associated with non-freeway NOx but not freeway or total NOx. These results suggest that residential proximity to smaller, busy roadways may represent exposures to non-exhaust particles (e.g. brake wear) that increase maternal adipokine levels. It is also possible that non-freeway NOx exposures capture other neighbourhood characteristics (e.g. housing and income) that introduce some residual confounding. Future studies should incorporate personal monitoring to examine which specific components of TRAP are associated with increased levels of cord blood adipokines. Studies suggest that early-life exposures to environmental pollutants contribute to obesity (5-7), yet few studies have examined prenatal air pollution exposure with risk for childhood obesity. One study found that mothers exposed to the highest category of polycyclic aromatic hydrocarbons, a family of air pollutants generated during incomplete combustion, had children with a greater risk of obesity at age seven (9) . In a U.S. cohort, higher third trimester TRAP exposure (e.g. black carbon and roadway proximity) was associated with reduced fetal growth and more rapid post-natal weight gain (24). These studies suggest that increased TRAP exposures may establish a 'thrifty phenotype' that contributes to future increased weight gain and adiposity (25) . The current study builds upon this work by demonstrating that cord blood adipokines were associated with increased prenatal TRAP exposure as well as infant change in weight and weight-for-age z-score. Furthermore, removal of preterm infants from our analysis strengthened these associations. One possible explanation for this finding is that preterm infants start at a lower birthweight and have an overall slower rate of growth, thereby reducing the effect size in the entire sample over the 6-month period. While the exact mechanisms underlying these associations are unknown, increased TRAP exposure may contribute to increased production of placental leptin (26) through lower placental leptin promoter methylation (27) and/or increased production of adiponectin from maternal adipocytes (28) . Leptin and its receptors are present in fetal tissues and contribute to infant development during the prenatal and neonatal periods (26) . Additionally, adiponectin is thought to be involved in the expansion of fat mass following birth and enhance the growth-promoting effects of insulin (29) .
The strengths of this study include the examination of cord blood adipokines in relation to residential estimates of prenatal TRAP and ambient air pollution exposures in low-income and predominately Hispanic pregnant women who, on average, experience some of the highest exposure burden in urban Los Angeles, California (30) . This study is also strengthened by the examination of adipokines with infant birthweight and change in weight from birth to 6 months. Additionally, important confounder information was abstracted from medical records and was not subject to potential self-report errors. Despite the study strengths, it may be limited by potential exposure misclassification of air pollutants because information about work locations, time spent at home and residential mobility during pregnancy was unavailable. However, exposure estimates were based on residential addresses, and any exposure misclassification would likely result in systematic non-differential exposure estimate errors that would diminish any observed associations. This study is also limited by the sample size available to assess infant growth by 6 months of age, which may have decreased our power to detect associations between infant weight and cord blood adipokines among male infants. Future studies should examine these associations in a larger sample and would benefit from the inclusion of measures of adipokines as well as body fat percent at various developmental stages. Finally, findings from this study may only be generalizable to Hispanic mothers mostly of a lower socioeconomic status, yet these findings have significant public health implications because lower socioeconomic status and minority communities have some of the largest environmental toxin burden and suffer from the greatest health disparities in maternal and childhood obesity (1, 30) .
The present study found that higher prenatal TRAP exposure may alter cord blood levels of leptin and HMW adiponectin. This work also identified associations between these cord blood adipokines with infant growth from birth to 6 months of age among female infants. These findings suggest that prenatal TRAP exposures may increase childhood obesity risk by altering levels of cord blood adipokines that have been shown to alter post-natal growth. Future studies should validate and expand upon these results by investigating whether increased maternal TRAP exposure leads to increased cord blood adipokines, thereby contributing to alterations in infant weight, body composition and fat distribution. In conclusion, results from this study support the growing body of literature that has found important associations between environmental exposures and maternal health, which may have significant implications for the risk of childhood obesity in vulnerable populations. geocoding efforts, designed and created the final analysis dataset and contributed to manuscript writing. T. L. Alderete, A. Song and C. Breton are the guarantors of this work and, as such, had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. All authors declare that they have no conflict of interest.
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